decomposers and detritivores. Under scenarios of global warming and increased nutrients, these results suggest we can expect species-specific changes in leaf-litter properties most likely resulting in slow decomposition with increased variance in temperatures and accelerated decomposition with P increase.
Introduction
globally, most of the energy fixed by primary producers will enter detrital pathways, fueling what has been termed "brown food webs" (Kaspari et al. 2008) . Decomposition of organic matter is therefore an important ecosystem process, with a pivotal role in the global c cycle.
In most streams, the standing stock of detrital organic matter can be several times larger than the biomass of producers, and respiration is assumed to exceed primary production (abelho 2001) . this relatively high biomass of organic matter occurs because the headwaters are usually shaded by riparian vegetation, reducing the amount of solar energy reaching in-stream primary producers. riparian vegetation also subsidizes streams with leaf litter and other plant detritus, used as energy sources by consumers. given the high proportion of low-order streams in fluvial hydrological networks [up to 85 % of the total stream length in a basin (allan and castillo 2007)], allochthonous inputs of organic matter from the riparian zone and its decomposition play an important role in riverine nutrient cycling, including the incorporation of nutrients into fluvial food webs.
litter decomposition is mainly a biological process involving fungi, bacteria and invertebrate shredders (graça Abstract We tested the hypothesis that water stress and soil nutrient availability drive leaf-litter quality for decomposers and detritivores by relating chemical and physical leaf-litter properties and decomposability of Alnus glutinosa and Quercus robur, sampled together with edaphic parameters, across wide European climatic gradients. By regressing principal components analysis of leaf traits [n, P, condensed tannins, lignin, specific leaf area (sla)] against environmental and soil parameters, we found that: (1) In Q. robur the condensed tannin and lignin contents increased and sla decreased with precipitation, annual range of temperature, and soil n content, whereas leaf P increased with soil P and temperature; (2) In A. glutinosa leaves n, P, and sla decreased and condensed tannins increased with temperature, annual range of temperature, and decreasing soil P. On the other hand, leaf P and condensed tannins increased and sla decreased with minimum annual precipitation and towards sites with low temperature. We selected contrasting leaves in terms of quality to test decomposition and invertebrate consumption. there were intraspecific differences in microbial decomposition rates (field, Q. robur) and consumption by shredders (laboratory, A. glutinosa). We conclude that decomposition rates across ecosystems could be partially governed by climate and soil properties, affecting litter quality and therefore communicated by robert O. hall.
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2001; Krauss et al. 2011) . the combined action of microorganisms and invertebrates produces fine particulate organic matter which is further used as food by filterers and gatherers. the rate at which litter material is incorporated into brown food webs is influenced by leaf traits, such as nutrient content (mainly n and P), leaf toughness, and plant chemical defenses (cornwell et al. 2008; graça and cressa 2010; Pennings et al. 1998) .
leaf traits are selected in response to local environmental conditions including soil nutrient availability and climate, particularly temperature and water availability (reich and Oleksyn 2004) . Plants from drier areas tend to have thicker leaves, whereas plants from nutrient-rich soils tend to have higher leaf n and P contents than species from nutrient-poor soils (interspecific variability; chen et al. 2011; cunningham et al. 1999; Ordoñez et al. 2009; Wright et al. 2001) .
If plant species are distributed across heterogeneous environments and if climate and soils are important drivers of leaf traits, including leaf quality, then intraspecific variability in leaf chemical and physical properties should be expected in addition to the enormous interspecific variability among plants. Plants of the same species affected by different environmental conditions should differ in their leaf (and litter) traits and quality. Intraspecific differences in litter decomposition were shown by lecerf and chauvet (2008) , who reported that leaf litter of black alder [Alnus glutinosa (l.) gaertn.] from different areas differed in terms of P and lignin leaf content, which were correlated with decomposition rates.
the environment-leaf trait-litter decomposition relationship is also important in the context of global changes. two of such changes are relevant in the context of our research. Firstly, nutrients in soil and waters are increasing worldwide due to increasing arable land and atmospheric deposition (e.g., rockström Vitousek et al. 1997) . the disruption of the n cycle ranks second among the most threatened planetary systems for which the safe boundary for humans has already been transgressed according to rockström et al. (2009) and the disruption of the P cycle is also among the nine most affected systems. secondly, climate change due to cO 2 atmospheric increases is predicted to result in increased temperatures, decreased precipitation and high variability in both, temperature and precipitation (IPcc 2007) . climate change is considered to be the second most important planetary disruption according to rockström et al. (2009) . these ongoing changes may drive the selection of important leaf traits and have the potential to affect litter dynamics and nutrient cycling.
here we tested the hypothesis that the environmental factors of water stress and soil nutrient availability drive leaf quality for decomposers and detritivores. By using the same two plant species from areas that differ in environmental conditions, we controlled for species-specific traits; however, within-species genetic variability was an unmeasured component of phenotypic variability. the hypothesis was tested with respect to chemical and physical leaf-litter properties and decomposability of two European deciduous tree species, black alder A. glutinosa and pedunculate oak Quercus robur l., sampled across Europe, over a range of climatic and edaphic gradients. We expected that:
1. Plants from sites with high air temperatures and low precipitation would produce poorer quality leaves (high toughness and low nutrient content) than those exposed to milder environmental conditions. 2. Plants growing on nutrient-poor soils (low n and P content) would produce poorer quality leaves with a lower nutrient content than plants grown in nutrientrich soils. 3. For the same species, low-quality leaves would decompose at slower rates than high-quality leaves. 4. For the same species, low-quality leaves would be consumed by shredder invertebrates at lower rates than high-quality leaves.
these two final hypotheses were tested with two types of leaves per species that contrasted in terms of P, n, condensed tannin and lignin content and specific leaf area (sla).
Materials and methods
leaf, environmental and soil data to test whether environmental conditions affect leaf traits controlling decomposition, senescent leaves were taken from individual trees of black alder (Alnus glutinosa (l.) gaertn.; 57 locations) and pedunculate oak (Quercus robur l.; 39 locations) across Europe [ Fig. 1 ; table a1, Electronic supplementary material (Esm)]. leaves and soil samples (~10 cm below the leaf litter accumulations and under each individual tree) were collected in autumn 2010. the samples of soil and senescent leaves were air-dried and stored until needed. soil samples were passed through a 1-mm mesh screen and analyzed for ph, n and P content (ascorbic acid method) (Doran and Jones 1996) .
For each sampling site, the minimum, maximum, and mean annual temperature, and the annual range of temperature, as well as mean annual precipitation, minimum annual precipitation and annual range of precipitation were obtained by combining the sites' geographical coordinates with the Worldclim database version 1. 3 (hijmans et al. 2005) at the highest resolution (2.5 min of arc), by means of the DIVa-gIs software, version 7.1.7 (http://www.diva-gis.org). Data for the global aridity Index and global potential evapo-transpiration were obtained from trabucco and Zomer (2009).
leaf traits
For each leaf sample, several morphological and chemical leaf traits were measured and analyzed. sla (leaf area/ leaf dry mass) was determined by weighing (±0.01 mg) three leaf disks obtained with a cork borer (14 mm diameter), from four randomly chosen leaves in each leaf sample (total 3 × 4 = 12 leaf discs). P, n, lignin and condensed tannins were measured from leaf powder. three grams of leaves from each sample was ground to powder (1-mm screen, retsch Zn 100; haan, germany) and stored in an oven at 60 °c until needed. n leaf content was determined in a Perkin Elmer 2400 series II chns/O analyzer (Perkin Elmer, Boston, ma). P was analyzed by the reactive soluble P (rsP) determination technique [(Eaton et al. 1995) ; with leaf powder samples previously submitted to a basic digestion to convert all P in the sample to rsP]. lignin content was analyzed as described by goering and Van soest (1970) (Klason lignin). the content of condensed tannins was obtained by the acid butanol assay (gessner and steiner 2005).
Environment and leaf-quality relationship: statistical procedures to investigate leaf-quality gradients, we performed a principal components analysis (Pca) based on a variable correlation matrix with the standardized morphological and chemical leaf-trait variables for both oak and alder. Previously, we checked the data with the Kolmogorov-smirnov test for normality, and no transformation was needed for any variable. Both Pcas were performed with statIstIca software version 7.1 (statsoft 2005).
Once the leaf-quality gradients for each species were defined, we used them as response variables in multiple regression analyses to relate leaf quality to uncorrelated and standardized environmental and soil parameters. Unlike leaf quality, data for soil nutrient content were transformed by natural logarithms to achieve normality. We applied information theory for model selection and multimodel inference, and used the second-order akaike information criterion (aIcc) to select the best subset of regression models from among all the possible combinations of standardized environmental and soil variables. aIc is a measure of the relative quality of a statistical model; it offers a relative estimate of the information lost when a model is used to represent the process that generates the data. aIcc is a modification of the former, recommended for situations with a small sample size compared to the number of parameters (Burnham and anderson 2002) . We limited our regression models to six and four variables at most, for alder and oak, respectively (Quinn and Keough 2002).
We calculated the aIcc for all models, and sorted them according to their aIcc to rank the candidate models by calculating the aIcc increase in relation to the best model with the minimum aIcc (Δ i = aIcc i −aIcc min ). as suggested by Burnham and anderson (2002) we selected only those models with Δ i ≤ 2. We then calculated the aIcc weights (ω i ) as the probability of each model being the best model, and the evidence ratio (Er = ω min /ω j ), which is the relative likelihood of the best model (ω min ) versus any model (ω j ).
We also calculated the variable relative importance (VrI) by summing the aIcc weights across all the models in the set where each variable occurs. the larger the VrI value, the more important the variable is in relation to the others. Finally, we used model averaging to calculate the corresponding parameter estimates (β). For each environmental variable in the selected subset of models, we summed the β-values, weighted by the corresponding ω i for those models in which that variable was present, across the whole set of models (Burnham and anderson 2002) . all the multiple regression models were developed using r software (r Development core team 2008).
Decomposition
Four leaf samples representing the extremes of the leafquality gradients for both alder and oak were selected to perform an experiment on microbial decomposition and consumption by shredders. to determine how phenotypic differences in litter quality influence microbial decomposition rates, we incubated leaf bags (0.5-mm mesh size) in a 3rd-order circumneutral stream in candal, lousã, Portugal [Portuguese site and sites 3a and c1, respectively, in Ferreira et al. (2012); graça et al. (2001) ; gulis et al. (2006) ]. For each sample (two leaf species and two qualities), eight replicates were set, with 0.50 ± 0.05 g (dry mass) of leaves each (two to four leaves). all bags were tied to iron bars anchored in the stream bed. three replicates of each sample were retrieved after 10 min, placed individually in plastic bags and transported to the laboratory in an insulated box, to account for transport and handling and to correct for airdried oven dry mass (Bärlocher 2005) . the remaining 20 samples were left in the stream for 17 days (6-23 October 2011) and recovered just before heavy rains reached the study site. In previous experiments in the same stream and same season, by day 17 alder leaves had already reached the maximum fungal biomass (110-145 mg of fungi g −1 leaf biomass), whereas oak leaves attained approximately 64 % of maximum fungal biomass (91-55 mg of fungi g −1 leaf biomass); by the same date spore production from fungi in leaves was high (Ferreira et al. 2012; gulis et al. 2006) . after collection, the leaf bags were individually transported to the laboratory in plastic Ziploc bags, gently washed with deionized water, and dried at 60 °c until constant weight. the samples were then weighed to the nearest 0.1 mg. mass loss was expressed as a percentage, and intraspecific high-and low-quality leaf samples were compared by t-tests for independent samples performed with statIstIca software version 7.1 (statsoft 2005).
leaf consumption by shredders the effects of variation in leaf quality were also evaluated by measuring the feeding rates of a shredder on the four selected leaf types. We used the shredder caddisfly Schizopelex festiva (rambur 1842; trichoptera: sericostomatidae). One hundred and twelve individuals were collected from the múceres stream, a nutrient-rich mountain stream [see gulis et al. (2006) for description]. this species was selected because it was locally abundant during the experimental season (October 2011) and is an active shredder. Individuals were acclimated to laboratory conditions for 3 days prior to the experiment, with a mixture of leaves from their original stream.
Feeding trials on the four treatments (alder, high and low quality; and oak, high and low quality) were carried out in plastic cups. a total of 64 cups were set. Of these, 16 were used as controls with leaves but no trichopterans (four replicates per treatment). We covered the bottom of the cups with a 0.5-cm-thick layer of stream sediment (1-2 mm), previously incinerated in a muffle furnace for 6 h at 500 °c. Each cup was filled with approximately 200 ml of stream water and oxygenated with an air pump.
For each leaf treatment, 12 leaf disks were randomly obtained with a cork borer (14 mm diameter) from leaves. Disks were conditioned during 5 days with a mixture of decomposing leaves from the candal stream, in an aquarium with stream water highly oxygenated with an air pump. after conditioning, leaf disks were oven-dried at 50 °c until they reached constant weight, and weighed to the nearest 0.01 mg to obtain the initial weight (W i ). the short incubation time and dry/rehydration process were used to minimize the fungal effects on the intrinsic quality of leaves.
Forty-eight S. festiva individuals of similar size (1.76-2.12 mm case opening) were randomly and individually allocated to the cups and kept with no food for 24 h prior to the experiment. consumption was allowed for 8 days (18-26 October 2011). after the feeding trial, the remains of the leaf disks were oven-dried at 50 °c to constant weight and were weighed to the nearest 0.01 mg to obtain the final weight (W f ). the caddisfly case openings were also measured, at the beginning and the end of the feeding trials to indirectly obtain the size of the individuals and growth. the remaining 48 individuals of S. festiva that were not used in the experiments were dried and weighed, to relate the case opening to their dry mass by regression [r 2 = 0.7816; P ≤ 0.0001; weight (mg) = −2.5818 + 2.1138 × case opening width (mm)]. consumption (C) was estimated as the differences in leaf mass exposed to the shredders (W i , W f ), corrected for changes in the control k, given by the ratio of initial (W ic ) and final (W fc ) mass in the control disks (k = W ic /W fc ), divided by the elapsed time (t) and the mass (W s ) of the shredders (canhoto et al. 2005 ): the consumption rates of S. festiva showed heterogeneity of variance, and no data transformation improved their homoscedasticity. We compared the intraspecific consumption rates for both plant species (oak, high and low quality; and alder, high and low quality) by Welch's t-test. this is a robust analysis that allows hypothesis testing using data with unequal variances (Quinn and Keough 2002). this analysis was carried out with the JmP software version 7.0 (sas 2007). table a2 ). geographically, the samples covered almost the entire geographic distribution range of the two species in Europe; only the eastern part of the range was missing. With respect to soil, the ph ranged from 4.0 to 8.0, with >50 % of the sites within ph 5-7. the range of soil P content was very similar for oak (7-200 mg kg −1 ) and alder (11-200 mg kg −1 ) sites, but n soil content was higher and more variable for alder (range 0.1-511 mg kg −1 ) than for oak sites (range 0.2-242 mg kg −1 ). Both species were similar in terms of the leaf traits of P content (mean 0.09 and 0.07 % for oak and alder, respectively), lignin (mean 36 and 33 % for oak and alder, respectively) and sla (~15 mm 2 mg −1 for both species; table 1). however, n was 2.3-fold higher in alder than oak leaves, whereas condensed tannins were ~75 % lower (table 1) . Both species exhibited wide variations in the measured leaf traits.
Results

Environment
the Pca of oak litter chemical and physical properties resulted in biplots in which the first three Pca axes explained 77 % of the variation in the dataset (Fig. 2) . Pca axis 1 (oak-Pca1) was positively correlated with lignin (r = 0.79) and condensed tannins (r = 0.89) and negatively correlated with the sla (r = −0.65). Pca axis 2 (oakPca2) was positively correlated with the leaf P content
. (r = 0.96), and Pca axis 3 (oak-Pca3) was negatively correlated with leaf n content (r = −0.95). For alder, the first three Pca axes explained 85 % of the variation in the dataset (Fig. 3) . In this case, Pca axis 1 (alder-Pca1; 39 % of the variation) was negatively correlated with the leaf contents of n (r = −0.84) and P (r = −0.64), and positively correlated with condensed tannins (r = 0.61). Pca axis 2 (alder-Pca2) was also positively correlated with the leaf P content (r = 0.67), as well as with condensed tannins (r = 0.63). Both axes were negatively correlated with sla (r = −0.61). Finally, Pca axis 3 (alder-Pca3) was positively correlated with lignin leaf content (r = 0.94). multiple regression models revealed relationships between leaf quality and environmental parameters. For oak, the oak-Pca1 axis (increased tannins and lignin and decreased sla) increased with soil ph, mean annual precipitation, and annual range of temperature and n in soil (the highest VrI values; table 2). the oak-Pca2 axis (surrogate of leaf P content) was positively related to soil P content and mean annual temperature. Finally, the oak-Pca3 axis (surrogate of the leaf n content) also increased with soil P content.
For alder leaves, the alder-Pca1 axes (decreased n, P, sla and increased leaf condensed tannins) were positively related to the mean annual temperature and the annual range of temperature, and negatively related to the minimal annual precipitation and soil P. alder-Pca2 (increased leaf P and condensed tannins and decreased sla) was positively related to the minimum annual precipitation and negatively related to the mean annual temperature. Finally, alder-Pca3, a surrogate of leaf lignin content, was positively influenced by n soil content and mean annual precipitation, whereas the annual range of temperature and the minimum annual precipitation had a negative effect on this leaf-quality variable.
Decomposition two leaf samples from each species dataset were selected to perform the decomposition experiment (Figs. 2, 3 ). these samples were selected for their maximum differences in nutrients and secondary compounds (table 3), to represent both high and low leaf-litter quality (i.e., high nutrient and low secondary compounds in leaf content versus low nutrients and high secondary compounds in leaf content).
During the 17 days of immersion in the stream, the leaves lost 2-37 % of their initial mass, and the alder leaves decomposed nearly twofold more rapidly than the oak leaves (Fig. 4) . microbial decomposition of high-quality oak leaves was significantly faster than that of low-quality leaves (t = 4.146, df = 8; P = 0.003). there was a similar tendency for this in alder, but the difference was not significant (t = −2.142, df = 8; P = 0.065).
consumption by shredders the feeding experiment lasted for 8 days, with no mortality. specimens of S. festiva consumed up to 230 μg leaf material day −1 mg −1 invertebrate mass, although some specimens did not feed. consumption by S. festiva was significantly higher on high-quality than on low-quality alder leaves (192 vs. 46 μg leaf material day −1 mg −1 invertebrate mass; t = 3.369, df = 14.14; P = 0.005), but virtually identical for sets of specimens feeding on high-quality and low-quality oak litter samples (t = 0.447, df = 13.42; P = 0.662) (Fig. 5) .
Discussion
climate and leaf quality
We investigated the phenotypic variations in litter quality within two species in relation to environmental conditions, and tested whether these variations could affect microbial decomposition and invertebrate consumption. the Pca suggested that climate could affect leaf chemistry and physical properties. however, our first hypothesis that water stress (measured as low precipitation across the distributional area of both species) would result in tougher and chemically better defended leaves was not totally fulfilled, since for oak, the contents of condensed tannins and lignin tended to increase and sla tended to decrease with increased precipitation. this was the opposite of our expectation, since plant physical defenses against water loss (thick cuticle and sclerophylly) are reported to increase with increased water stress (e.g., Pallardy 2008). alder leaves from locations with high temperatures and wide temperature ranges indeed had high condensed tannins and low sla (i.e., were tougher). the observation that alder leaves from locations with high temperatures also had lower n and P is consistent with the reported by (chen et al. 2011) . although unexpected, our results agree with the metadata analysis by Ordoñez et al. (2009) who concluded that climate has a small role in affecting variations in leaf traits compared with soil fertility, with sla not related to any of the climate parameters evaluated (precipitation, temperature and evapotranspiration). In another study, castro-Diez et al. (1998) reported increased n content in Pistacia spp. leaves toward the arid part of a gradient in spain (i.e., n increase with water stress); and cunningham et al. (1999) reported that low precipitation and nutrients in soil resulted in low sla. these contradictory results suggest that: (1) phenotypic responses to climate is species-specific dependent, (2) climate alone is not enough to determine the traits related to the physical quality of leaves and (3) genetic variability is an unaccounted importance source of variability.
One potential limitation in our analysis is that we used mean precipitation and temperature values in the calculation. however, it is plausible that annual variation in these parameters could result in concomitant annual variation in the qualities of leaves and the resulting variations in litter.
Fertility and leaf quality Our second expectation was that plants growing on nutrient-poor soils would produce leaves with low nutrient content. this was indeed observed for P in leaves from both oak and alder, which is consistent with other reports (e.g., aerts and chapin 2000; chen et al. 2011; han et al. 2011) . however, leaf n was unrelated to soil n in both, alder and oak. the result was a surprise for alder, which is an n-fixing species (Orfanoudakis et al. 2010) . Positive (e.g., han et al. 2011) and negative (Ordoñez et al. 2009 ) relationships between leaf n content and soil has been referred in the literature, suggesting that as with climate variables, other factors could be overriding the soil n effect.
the observed intraspecific variability in leaf traits can be explained by the environment, but also by the genotype. those sources have shown to influence litter chemistry and can be large enough to cause differences in litter decomposition rates (leroy et al. 2007 , 2012 Osier and lindroth 2001) . some studies suggest that plant genotype is more important than soil nutrients in determining plant chemistry (e.g., Osier and lindroth 2001) and a strong genetic component was also demonstrated for tannin levels in plants (schweitzer et al. 2008 and references therein). We did not control for genotype differences, which may be responsible for a large part of the variation in the data. however, it can also be argued that particular plant genotypes are largely influenced and selected by local climate and local soil conditions. common-garden experiments manipulating nutrients and water stress could be used to address the genetic component of trait variations (e.g., leroy et al. 2012) . the significance of the climate-leaf traitsdecomposition triad n and condensed tannins are known to affect feeding rates of macro consumers (azevedo-Pereira et al. 2006 ; graça and cressa 2010), decomposers and ultimately leaf-litter decomposition (Bakker et al. 2011; cornwell et al. 2008; makkonen et al. 2012; Waring 2012) . We showed that variations in oak and alder leaves at the European continental scale are large enough to affect the rate at which the leaves are decomposed by microorganisms and consumed by shredders. however, microorganisms and shredders differed in their susceptibility to the same leaf traits. microbial decomposition seemed to be particularly affected by high condensed tannin levels, whereas feeding by shredders seemed to be affected by low condensed tannin levels and low n. If our findings for these two species at the European continental scale can be extrapolated to a larger number of plant species and a wider range of environmental conditions, then the climate and soil have some control on the quality of leaves and consequently leaf litter and its decomposition by decomposers and shredders. the ecological implications of these relationships are that nutrient cycling through brown food webs may vary widely across geographic areas, and may explain the reported geographic variations in litter decomposition and the absence of shredders from some areas (Wantzen et al. 2008) . For instance, in some tropical and mediterranean streams, litter decomposition is slow and shredder invertebrates are absent or relatively unimportant (Boyero et al. 2011; gonçalves et al. 2006 , 2007 . It is plausible that in these areas, the leaves are low quality, resulting from nutrient-poor soils and water and temperature stress.
Implications under global changes
Precipitation is predicted to decrease by 20 % over Europe and temperature is predicted to increase by 2-4 °c in the next 80 years (IPcc 2007) . moreover, variations in temperature (heat waves) and precipitation are also likely to be more frequent (IPcc 2007) . If interregional variation in the measured leaf traits are greatly related to the measured environmental parameters, we could predict ecological changes in nutrients cycling resulting from global nutrient and climate changes. this prediction is not simple because the same environmental factors may affect plant species differently. however, a common denominator of the two tested species here was an increase in condensed tannin content and decreased sla (i.e., high toughness) in areas with high temperature variance and an increase leaf P with increased soil P. such results may lead us to expect slow decomposition caused by global climate change. this effect can be balanced by increased P content in soils and nutrients (P and n) in the waters (e.g., gulis et al. 2006) or may even be reinforced if nutrients are high enough to suppress the activities of decomposers (e.g., Woodward et al. 2012) .
